ABSTRACT The Neotropical malaria vector Anopheles aquasalis Curry is distributed predominantly along the Atlantic and PaciÞc Coasts because of its tolerance for breeding in salt water. We tested the hypothesis that the freshwater Amazon River acts as a barrier to gene ßow in northeastern Brazil, by examining variation at a 588-nucleotide fragment of the mitochondrial cytochrome oxidase I gene from Þve populations. We identiÞed 15 haplotypes of which 5 were shared both (1) between sample localities and (2) across the Amazon River Delta. Sequence divergence ranged from 0.0017Ð 0.0272 (average ϭ 0.0137). Estimates of genetic subdivision based on the presence of the Amazon River were greatest within localities (⌽ ϭ 0.029) and among regions (⌽ ϭ 0.018), followed by among localities (⌽ ϭ 0.011), but none were signiÞcant. Parsimony, neighbor-joining, and Nested Clade Analyses were used to estimate relationships among populations and infer evolutionary processes. Two phylogenetically distinct clusters of populations were moderately supported by parsimony. Neighbor-joining trees were poorly resolved, thus providing no geographical resolution and no support for the Amazon River as a barrier to migration. Phylogeographic structure as detected by the Nested Clade Analysis was consistent with restricted gene ßow coupled with isolation by distance. Taken together, these analyses suggest that the localities within this region of northeastern Brazil constitute a single large population of An. aquasalis that spans the Amazon Delta.
THE AMAZON RIVER may be one of the most effective geographic features inßuencing the distribution of populations and affecting species diversity in South America. Despite an increased focus on Amazonian ßoral and faunal diversity, and general interest in tropical forest conservation, very few phylogeographic studies have been carried out for Amazonian organisms (Da Silva and Patton 1998). More speciÞcally, there have been a limited number of phylogeographic studies on medically important insects of Amazonian origin in spite of recent outbreaks of arthropod-borne diseases in this region (Da Silva and Patton 1998, Conn et al. 2002) . In Amazonian Brazil, the spread of diseases such as malaria can be attributed to population movement that brings nonimmune people into areas of transmission, social disruptions that undermine health care, and ecological changes that increase mosquito habitat (Paskewitz and Gorman 1999; Lounibos and Conn 2000; Tadei and Thatcher 2000) . However, the dispersal capability of the mosquito vector and its ability to cross some geographic barriers should be examined as a possible factor contributing to changes in disease epidemiology.
Anopheles aquasalis Curry is recognized as an important regional vector of malaria in Latin America, and in several coastal towns in Pará state, Brazil, it has been implicated as a vector of Plasmodium vivax and P. falciparum (MMP, unpublished) . A recent study in Guyana also suggests a role for An. aquasalis as a carrier of P. vivax (Laubach et al. 2001) . Accurate estimates of gene ßow, migration, and population structure for this species are critical to medical entomology and vector control efforts in regions ßanking the Amazon River Delta (Amapá and Pará states, Brazil).
A member of the subgenus Nyssorhynchus Blanchard, An. aquasalis breeds primarily in brackish habitat (Faran 1980) , but has been collected from freshwater springs (Berti et al. 1993) . The distribution of this mosquito is primarily coastal, from Nicaragua to southern Brazil, Ecuador, Trinidad and Tobago, and the Lesser Antilles (Faran 1980 , Deane 1986 , Chadee et al. 1992 , Berti et al. 1993 . In some areas (in Brazil), its range is limited to Ͻ30 km from the coast (FloresMendoza and Lorenç o-de-Oliveira 1996) .
An. aquasalis has exhibited substantial morphological, behavioral, and genetic variability throughout its range. Several studies of morphology and behavior in this species provide evidence suggesting single species status (Causey et al. 1945 , Faran 1980 , whereas others suggest that An. aquasalis may be a species complex (Senior-White 1950 , Cova Garcia 1964 , Faran 1980 . Published studies on the genetics have also revealed conßicting results. Cytological studies have suggested that this is a single species Chow 1971, Moncada Perez and Conn 1992) , but several molecular genetic studies (allozymes and mtDNA-restriction fragment-length polymorphism [RFLP]) could be interpreted in support of the species complex hypothesis (Steiner et al. 1982 .
In 1981, researchers examined the genetic structure of populations of An. aquasalis in Venezuela, Suriname, and Brazil using allozyme markers (Steiner et al. 1981) . Although no strong genetic differentiation among populations was detected, they proposed three models to deÞne the evolutionary mechanisms that inßuence genetic structure in An. aquasalis. The Þrst model suggested that the Venezuelan Orinoco and Brazilian Amazon River systems may act as isolating barriers to gene ßow for An. aquasalis. Results from a study that used mtDNA markers to examine genetic structure among Latin American populations of An. aquasalis were somewhat supportive of this hypothesis suggesting that individuals from Brazil were distinct from those collected in Venezuela, Trinidad, and Suriname . The authors proposed that the Amazon River was the geographic barrier causing this pattern. A subsequent study of the egg morphology of An. aquasalis revealed two distinct clusters of mosquitoes (Venezuela and Suriname/Brazil); implicating the Orinoco River as a potential geographic barrier (Linley et al. 1993) .
The mitochondrial genome has been used as an indicator of geographic population structure (Conn et al. 1998 , de Merida et al. 1999 , to observe historical patterns and rates of gene ßow (Walton et al. 2000) , deÞne maternal gene genealogies within species, and investigate phylogeographic and systematic questions (Avise 1994) . We chose the 3Ј region of the cytochrome oxidase I (COI) gene, because it is informative at the population level (Lunt et al. 1996 , Fairley et al. 2000 . In the current study, we use Nested Clade Analysis (NCA; Templeton et al. 1995) to examine current processes, and we use parsimony, neighborjoining and Analysis of Molecular Variance (AMOVA; ExcofÞer et al. 1992 ) to assess historical processes in An. aquasalis from the Amazon Delta region of northeastern Brazil.
Materials and Methods
Fifty-two adult An. aquasalis were collected from Þve Brazilian populations along the coasts of Pará and Amapá states (Brazil), by aspiration from human subjects, Shannon traps, and from fence posts of corrals ( Fig. 1; Table 1 ). All three collecting methods were used at each locality. To examine the role of freshwater river systems on dispersal, samples were collected from sites on the eastern [Belé m (BEL)] and western [Tartarughalzinho (AMA)] banks of the Amazon River and one site on Marajó Island [Salvaterra (MAJ); Fig. 1 ]. We chose two additional sites along the coast of Pará [São Caetano (SAC) and Augusto Correa (AUC); Fig. 1 ] to investigate isolation by distance (Slatkin 1993) as a factor inßuencing population structure. The geographic distances between sites BEL and SAC (74 km) or SAC and AUC (95 km) are similar to distances between MAJ and BEL (80 km; Fig. 1 ).
Mosquitoes were identiÞed using a morphological key within 24 h of capture (Deane et al. 1948) . Specimens were placed in 95% ethanol, shipped to the University of Vermont, and stored at Ϫ80ЊC. Genomic DNA was then extracted from individual mosquitoes (Collins et al. 1987) . A 588-bp region of the mitochondrial cytochrome oxidase I gene (COI) was ampliÞed by the polymerase chain reaction (PCR) using the primer pairs UEA7-TACAGTTGGAATAGACGTT-GATAC and UEA10-TCCAATGCACTAATCTGC-CATATTA (Lunt et al. 1996) . The PCR proÞle consisted of an initial 5-min denaturation at 94ЊC followed by 36 cycles of denaturation at 95ЊC for 40 s, annealing at 50ЊC for 1 min, and extension at 72ЊC for 1 min, using an MJ Research thermocycler (model PTC-100 Ð 6, MJ Research, Watertown, MA). Direct sequencing of the puriÞed PCR product was performed using both forward and reverse primers with a Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City,CA). Sample reactions were run on an ABI 373 automated sequencer. Sequences were manually aligned using Sequencher 3.0 software (Sequencher 3.0 1995). Sequences have been deposited in GenBank (Accession Numbers AF548888 ÐAF548902).
We examined the relationships between An. aquasalis mitochondrial haplotypes using maximum parsimony (MP) and neighbor-joining (NJ) analyses (Swofford 1998) . In both analyses, identical sequences were grouped as haplotypes (Table 2) . For the MP analysis, we performed a heuristic search of 10 random taxon addition sequence replicates. All characters were equally weighted, with character state transformations treated as unordered. Branch support and accuracy were assessed by bootstrap resampling (Felsenstein 1985) of 1,000 replicates. A NJ tree was constructed using a general time reversal (GTR) model (Lanave et al. 1984 ) that estimated proportion of invariable sites, site rate variation, nucleotide frequencies, and substitution rates. This model of evolution was identiÞed using a likelihood ratio test (Goldman 1993) . Branch support was assessed with 1,000 bootstrap replicates. Two outgroups, An. triannulatus (Neiva and Pinto) and An. darlingi Root, in the subgenus Nyssorhynchus, were selected on the basis of their phylogenetic relationship to An. aquasalis (Sallum et al. 2000) . Sequence divergence between haplotypes was estimated using uncorrected p.
We performed a Nested Clade Analysis (NCA) to understand and identify some of the factors inßuenc-ing the phylogeography and genetic structure of An. aquasalis in Brazil. This method allows inference about genetic structure considering the intraspeciÞc phylogeny (minimum spanning network). It provides the criteria to discriminate between patterns caused by current or historical processes and among contiguous range expansion, long-distance dispersal, and population fragmentation. Aqu1  3  Aqu6  1  Aqu8  1  Aqu9  1  Aqu10  1  Aqu12  1  Aqu17  2  3  2  2  Aqu18  2  2  2  Aqu21  1  Aqu23  1  4  3  Aqu25  1  Aqu27  1  Aqu28  1  2  Aqu29  3  2  3  4  2  Aqu30  1 First, we determined whether we were justiÞed in using parsimony in our reconstruction of relationships among haplotypes of An. aquasalis. We calculated the probability that connections between haplotypes were parsimonious (no hidden mutations) using ParsProb version 1.1, a computer program written by D. Posada using algorithms described in Templeton et al. (1992) . For our data set, connections of 10 or fewer steps were parsimonious at the 0.95 probability level.
We then converted our sequence haplotype network into a nested hierarchy of clades using the nesting rules in Templeton et al. (1987) and Templeton and Sing (1993) , which use the historical information contained within a phylogeny. Beginning at the tips and moving inward, haplotypes separated from each other by a single mutational step are grouped together as "one-step clades." At the next highest nesting level, one-step clades are grouped into "two-step clades" and so on.
Two methods were used to test the null hypothesis of no geographical association of haplotypes and clades. First, location was treated as a categorical variable, and we performed nested exact permutational tests (Templeton et al. 1995) using the computer program GeoDis version 2.0 (Posada et al. 2000) to determine whether there was a signiÞcant association between sampling location and clades. We also performed a test that uses information from geographical distance. Geographical data were summarized as two distance statistics (Templeton et al. 1995) : clade distance (D c ), which measures the geographical range of a clade; and nested clade distance (D n ), which measures the geographical distribution of a clade relative to that of closely related clades. Observed D c and D n values for each nesting category were compared with a distribution of D c and D n values calculated by randomly permuting clade by sampling location 10,000 times using the program GeoDis. The random permutations simulate the null hypothesis of no geographical association of haplotypes or clades. In cases where the null hypothesis was rejected, we used the inference key in the appendix of Templeton et al. (1995) to identify the most appropriate model of population structure and historical events (past fragmentation, restricted gene ßow, or range expansion) consistent with the pattern of genetic structure observed.
Variation in haplotype frequencies was examined across the Amazon River using the analysis of molecular variance (AMOVA) model (ExcofÞer et al. 1992) in Arlequin version 2.0 (Schneider et al. 2000) . Genetic subdivision (⌽) and molecular variance components ( 2 ) were calculated among regions, among localities within regions, and within localities. We performed this analysis using two hierarchical models. The Þrst model deÞned two regions corresponding to ( Fig. 1): (1) west of Amazon River (I; AMA and MAJ) and(2) east of Amazon River (II; BEL, SAC, AUC). The second model deÞned one region that included individuals from all sample localities to determine total genetic variance. The signiÞcance of variance components was tested using nonparametric permutation tests (ExcofÞer et al. 1992 ). We used ⌽ to estimate the effective number of migrants (N m ) between localities (Slatkin 1993).
To examine the relationship between genetic and geographic distances (isolation by distance; Wright 1943) we performed regression analyses using the SAS Institute program, JMP. In the Þrst analysis, genetic distance was deÞned as the probability that a pair of individuals drawn at random from within a site or from two sites had identical haplotypes (F d ). This probability ranges from 0 (all possible pair combinations are of different haplotypes) to one (all possible combinations are of one single haplotype; Aars et al. 1998) . Because the Amazon River may have been a barrier to dispersal (Steiner et al. 1981) , we conducted these analyses for sites on the east and west banks of the Amazon separately (i.e., Region I: AMA and MAJ; and Region II: BEL, SAC, and AUC). We also performed a regression analysis of genetic and geographic distance using ⌽-values as estimates of genetic distance. We averaged pairwise estimates of F d within and between regions and compared them to assess the levels of gene ßow across the Amazon (i.e., F d within region I; F d within region II; and F d between regions I and II).
Results
We identiÞed 15 mitochondrial COI haplotypes in the 52 individuals sequenced. Five haplotypes (Aqu17, Aqu18, Aqu23, Aqu28, and Aqu29) were shared between sample localities and across the Amazon River Delta (Table 2) . Shared haplotypes made up 76.9% of all individuals examined with haplotype Aqu29 being the most common and widely distributed. None of the shared haplotypes was restricted to sample localities on either side of the Amazon River Delta. All of the unique haplotypes were detected in region I (AMA and MAJ), with the exception of Aqu1, which was found in a single locality (AUC) in region II (Table 2) . There were no unique haplotypes detected from either BEL or SAC. Sample locality AMA had the largest number of haplotypes (n ϭ 9) followed by MAJ (n ϭ 7), BEL (n ϭ 4), and SAC and AUC (n ϭ 3). Percent sequence divergence ranged from 0.0017 to 0.0272, with an average of 0.0137. The largest estimates of percent divergence were detected between individuals within sample locality AMA.
Neighbor-joining and MP analysis produced similar but poorly resolved trees, therefore we only present the results of the NJ tree with relevant bootstrap (Fig.  2) . Haplotypes formed two clusters (Y and Z) with 100% bootstrap support. Cluster Y included eight haplotypes (representing 31 individuals) from all sample localities with bootstrap support of 77%. Seven haplotypes (representing 21 individuals) from all localities formed cluster (Z) with 76% bootstrap support.
The haplotype network of An. aquasalis mtDNA sequence data contained three nesting clades (Fig. 3) . Clades 3-1 and 3-3 include haplotypes from all Þve sample localities while Clade 3-2 includes one haplotype from Amapá. Clade 3-3 includes an ambiguity (a closed loop), as does the connection between Clades 3-1 and 3-2. Nine mutational steps join Clades 3-1 and 3-3. Results of the nested contingency analysis indicate that signiÞcant nonrandom associations exist between some clades (1-5 and 3-3) and geographical locations. Unusually, both the chi-square value and the probability for clade 2-2 were 0 (Table 3) . Restricted gene ßow with isolation by distance is implicated as the primary process responsible for the current distribution of An. aquasalis in Amazonian Brazil (Table 4) .
Pairwise estimates of ⌽ ranged from Ð 0.045 to 0.066 (not signiÞcantly different from zero) and N m ranged from 7.115 to inÞnity. The results of our hierarchical analyses, testing the effects of the Amazon River Delta on population genetic structure, are found in Table 5 . Estimates of genetic subdivision for the analysis based on the presence of the Amazon River were greatest within localities (0.029) and among regions (0.018), followed by among localities (0.011), respectively. The second AMOVA determined genetic subdivision among localities to be 0.022. These estimates were not signiÞcantly different from zero (Table 5 ). When F d was averaged and compared to assess levels of gene ßow across the Amazon River, estimates within and between geographic regions were similar (i.e., F d within region I ϭ 0.347; F d within region II ϭ 0.322; F d between regions I and II ϭ 0.324).
When genetic distance was deÞned as F d , we detected no correlation between geographic and genetic distance when all sample sites were examined together (r 2 ϭ 0.010829; P ϭ 0.7121). After separating the sample localities according to riverbanks, we detected no correlation between geographic and genetic distance on the eastern (r 2 ϭ 0.0388; P ϭ 0.5392) or western bank of the Amazon River Delta (r 2 ϭ 0.0217; P ϭ 0.9059). When genetic distance was deÞned as ⌽, we detected no correlation between geographic and genetic distance (r 2 ϭ 0.0402; P ϭ 0.4735).
Discussion
Anopheles aquasalis has been collected in the larval form from a range of habitats, which include mangroves, freshwater springs, river margins, and estuaries (Berti et al. 1993 , Manguin et al. 1993 ). It appears to oviposit successfully across a range of salinities but has a high tolerance that allows it to predominate along the coast. Thus, the presence of the Amazon River Delta provides a mosaic of brackish and freshwater pockets of breeding habitat for An. aquasalis. Previous studies detected multiple lineages of An. aquasalis and suggested that freshwater river systems were potential barriers to gene ßow (Senior-White 1950) . The current study examined the distribution of mitochondrial haplotypes and identiÞed shared haplotypes across the Amazon River. The results of the population genetic and phylogeographic analyses suggest extensive migration among these Þve populations (AMA, MAJ, BEL, SAC, and AUC). Hence, the Amazon is unlikely to have a substantial role in inßuencing previously reported patterns among populations of An. aquasalis in this region.
Our initial phylogenetic analyses resulted in poorly resolved trees. The methods used for their construction were developed under assumptions of greater evolutionary divergences than exhibited in our data set and thus lack resolving power (Crandall 1994) . However, these results do reveal two relatively distinct mitochondrial lineages within the Amazon River Delta, but the distinction is not related to location relative to the Amazon River.
Previous studies of the population genetics of Anopheles spp. mosquitoes detected a similar pattern Table 2 . Zeros indicate individual mutational steps in the nesting clade. White boxes represent one-step clades; light gray, two-step clades; and dark gray, three-step clades. Clade numbers are given within each enclosure, with nesting level followed by grouping number. Clades with no genetic and/or geographical variation within them are not given because no test is possible within such nested categories.
a The clade column refers to the nesting clade in Figure 3 . Interpretations were based on minimum spanning network (Fig. 3 ) and statistical tests of disperal (Table 3) . Numbers in chain of inference indicate choices made in the dichotomous key in the appendix of Templeton et al. (1995) .
of structure (i.e., substantial within-locality variation with less detected variation among localities within groups or among groups; Conn et al. 1998 , Conn et al. 1999 , de Merida et al. 1999 . Researchers suggested that this pattern was due to (1) large, long-term effective population size (N e ); (2) differences in N e ; (3) immigration from previously isolated populations; or (4) multiple colonization events with loss of some lineages. Neither census size (N) nor effective population size (N e ) has been determined for An. aquasalis. However, both may be inßuenced by seasonal ßuctuations in temperature and rainfall, thus altering the presence of viable breeding habitat for this species. If these ßuctuations occur, they would cause population crashes and expansions, thus the maintenance of large, long-term N e is an unlikely explanation for the patterns detected here. These seasonal climate and precipitation changes could vary among sites thus leading to differences in N and N e . However, there is little climate variation among the localities within the current study because they are in a Neotropical coastal ecological region with rather uniform weather conditions (Rubio-Palis and Zimmerman 1997). The intraspeciÞc relationships detected among haplotypes of An. aquasalis (Figs. 2 and 3) do not show evidence of immigration from previously isolated populations. Our study detected no signiÞcant genetic structure among localities, among localities within regions, or among geographic regions. These results are consistent with the breeding habitat and distribution of An. aquasalis in the Amazon River Delta. They suggest that the localities within this particular region constitute a single large population that spans the Amazon River Delta.
Because of the limited resolution of our phylogenetic and population genetic analysis, we used NCA to help identify the factors inßuencing the phylogeography and genetic structure of An. aquasalis (Templeton et al. 1987) . Our analysis revealed no evidence of historical evolutionary phenomena such as colonization, past fragmentation, or contiguous range expansion as factors inßuencing genetic structure. The results of the inference key suggest that the pattern detected for An. aquasalis among localities across the Amazon River was due to current processes (i.e., restricted gene ßow with isolation by distance). The inference of isolation by distance for these two clades is consistent with the one-dimensional stepping stone model (i.e., coastal/linear distribution) of An. aquasalis. Isolation by distance has also been implicated as one of the factors inßuencing genetic structure in a study examining additional populations of An. aquasalis along the eastern coast of South America (TLF and JEC, unpublished).
We were able to reject the null hypothesis of no geographical association of haplotypes (i.e., no structure) for clades 1-5 and 3-3. This is consistent with the results of our phylogenetic and population genetic analyses. However, we believe that inadequate geographical sampling may contribute to low resolution in this analysis. For example, both clades 3-1 and 3-2 included several missing or unidentiÞed haplotypes (i.e., "0"s in the minimum spanning network). We collected An. aquasalis from two localities in Region I (AMA and MAJ) for this study. These sites were separated by Ͼ300km in comparison to sites in Region II (BEL, AUC, and SAC) which were separated by Ͻ100km. Additional sampling from localities between AMA and MAJ may provide more insight into the factors producing this pattern.
The design of this study (sample sizes and geographic sampling) is limited by at least two factors. First, many of the potential sample localities are remote and are sparsely inhabited or uninhabited by humans. Because little is known about the biology of An. aquasalis in these areas, additional studies of the mosquito distribution are necessary. Second, because the mosquito population sizes are usually very large, the number of samples needed to identify some of the missing haplotypes ("0s") in the nested clade analysis may also be very large. Nevertheless, a thorough understanding of the factors inßuencing population structure and dispersal capability of An. aquasalis is necessary to develop adequate regional vector control strategies. Geographical analysis includes all sample localities. The Þrst analysis assigned regions according to banks of the Amazon River. The western bank region includes AMA and MAJ sites whereas the eastern bank includes BEL, SAC, and AUC sites. The second analysis grouped all Þve localities as one region.
